The nonlinear energy transfer plays a critical role in determining the energy distribution of directional spectrum. Numerous studies of the important role of the nonlinear energy transfer in the evolutions of wave spectrum have been clearly demonstrated in the frequency domain, however little is known about the characteristics of the nonlinear energy transfer in the directional domain. In this paper, we investigate the characteristics of spatial and temporal changes of the directional spectra in consideration of nonlinear energy transfer as a possible mechanism of the change of directional distribution in deep water depth. Numerical computations are performed by three different types of the third-generation wave model, WAM, where each of them is implemented with DIA (Hasselmann et. al., 1985) , RIAM (Komatsu et. al., 1993) and SRIAM (Komatsu et. al., 1996) , respectively, for the computation of the nonlinear energy transfer. The JONSWAP type spectrum and Mitsuyasu's directional function are applied to define the energy distribution of directional spectrum. The characteristics of bimodal directional wave spectra are also discussed.
INTRODUCTION
The nonlinear energy transfer has been shown to play a key role in the time (fetch) evolution and the establishment of a well-developed wind sea spectrum by controlling the spectral shape, including the development and position of the peak (e.g. Hasselmann et al. 1973 ). Numerous studies have investigated the importance of the nonlinear energy transfer in the frequency domain. Nevertheless, the characteristics of the nonlinear energy transfer in the directional domain have not been necessarily discussed sufficiently so far. We, therefore, investigate the spatial and temporal characteristics of two-dimensional (directional) spectra by taking into account only the nonlinear energy transfer in deep water depth under various conditions. Studies of two-dimensional spectra of ocean waves are very important, not only for practical purposes such as wave forecasting, but also for clarifying the fundamental process of wave generation and development, etc.
In deep water without currents, the balance equations for the two-dimensional ocean wave spectrum can be written as where F is the two-dimensional wave spectrum; k is the wave number; and S wind , S nl , and S ds represent the various physical process source terms, the wind input, the nonlinear energy transfer, and the dissipation, respectively. Among the three source terms, the nonlinear energy transfer is known as one of the most important factors that control the evolution of wave spectra.
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The nonlinear energy transfer can occur when there is a resonance among four-wave components, that can be expressed with
where ω i is the angular frequency and k i is the wave number vector (i =1,…,4). The angular frequency ω i and the wave number k i are related through the dispersion relationship (
The nonlinear energy transfer can be written in the following form (Boltzmann integral) (Hasselmann ,1962)  
where
is the wave action density,
is the wave number spectrum, and
is the coupling coefficient. The third-generation wave models, such as WAM, SWAN, and WW3, adopted DIA by Hasselman et al. (1985) for the nonlinear energy transfer calculation. The DIA method has been known to have low computational cost. Since DIA includes only a low number of configurations of four wave components, this method does not have sufficient accuracy for even standardized wave spectra such as the JONSWAP spectrum.
In the present study, we used the thirdgeneration wave models, original WAM, and modified WAM implemented by RIAM (Komatsu et. al., 1993) and SRIAM (Komatsu et. al., 1996) , respectively, for calculating the nonlinear energy transfer. We compared the numerical results by these methods for various directional spectra including multi-modal spectra to know the directional characteristics of the nonlinear energy transfer in ocean wave spectra.
NUMERICAL SIMULATIONS
Computations of nonlinear energy transfer need an infinite number of possible four-wave configurations to satisfy resonance conditions. It is very important to know how many resonance configurations are required to estimate the nonlinear transfer function for a given wave spectrum. DIA assumes that the interactions between neighboring wave numbers reproduce the principal features of nonlinear transfer (Hasselmann et al. 1985) . Komatsu and Masuda (1996) successfully reduced the number of resonant four-wave combinations based on RIAM method with good accuracy. While SRIAM uses 20 resonance configurations with RIAM-based optimization; its computational cost is 100 times less than that of RIAM (20 times more than DIA).
(1) DIA
The Discrete Interaction Approximation (DIA) was developed by Hasselmann et al. (1985) . The full solution to the Boltzmann integral (Eq. 4) in DIA method is using a small number of quadruplets, which all have the same configuration. The resonant conditions are expressed by the following equations: 
are the energy densities at the values of the interacting wave numbers, g is the gravitational acceleration, and C is a constant equal to 3x10 7 .
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The RIAM method improves the efficiency of Masuda's (1980) method by utilizing the symmetry characteristic of the Boltzmann integral. Masuda (1980) reduced the six-fold Boltzmann integral to the three-fold integral which be able to reduce the computational time to a large extent as expressed by the following equation:
with assuming | |
Masuda solved the instability problem by analytically deriving an approximate solution of Eq. (9) around the singular points. Komatsu and Masuda (1996) developed RIAM for calculating the nonlinear energy transfer based on Masuda's method by using the symmetry of the integrand as in Hasselmann and Hasselmann (1981) or Resio and Perrie (1991) , and by truncating less significant configurations of resonance. 
RESULTS OF NUMERICAL SIMULATIONS
Numerical simulations are performed under duration-limited conditions for 12 hours using WAM with DIA, RIAM, and SRIAM methods by taking account of only the nonlinear energy transfer S nl , without the wind input (S in =0) and the dissipation (S dis =0).
(1) Initial Conditions in Numerical Simulations
In this study, we assumed the directional spectrum as
, where the frequency spectrum S (f) and the directional function (2) Directional energy distributions with various energy concentration parameters S max and γ In this section, directional energy distribution, ), is defined as an integrated value of directional spectrum, , with respect to the frequency f. Figure 1 shows examples of computed with various energy concentration parameters S max and γ listed in Table 1 . The dash lines show the initial value of ), while the soid lines show the ones after 12 hour simulations. As seen in Fig. 1, after 12 hours, the directional peak energy decreases and the directional energy distribution spreads in each case. Although the changes of are similar in three methods, DIA is most diffusive than the others. SRIAM is a little diffusive than RIAM.
(3) Directional distribution of nonlinear energy transfer with various energy concentration parameters S max and γ Figure 2 shows the directional energy distributions of the nonlinear energy transfer computed for various energy concentration parameters. As seen in Fig. 2 , the directional distributions of the nonlinear energy transfer always show 2 positive lobes and 1 negative lobe pattern.
The magnitude of the peak absolute value of directional distribution increases as the energy concentration S max increases in all the cases. Comparing differences among three methods, the magnitude of nonlinear transfer is in the order of RIAM > SRIAM > DIA when the energy concentration parameters S max are large. While, the magnitude of nonlinear transfer of DIA is larger than the others when the energy concentration parameter is low. These characteristics of DIA, RIAM, and SRIAM seem to lead a little difference as seen in Fig.1 . Table 1 . Combinations of energy concentration parameters γ and S max used in numerical simulation 
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(4) Bimodal directional spectra with various crossing angle Δθ. Characteristics of the nonlinear energy transfer are investigated for bimodal directional spectra based on numerical results computed by SRIAM since SRIAM seems to be superior in efficiency and accuracy. Figure 3 (a-1) shows a bimodal directional spectrum, where their peak frequencies are at f p =0.13Hz and f p =0.1Hz, respectively, with the crossing angle between their propagation directions is 0˚. This bimodal spectrum is used as the initial condition for duration-limited simulation. While, (a-2) shows the directional spectrum after 12 hours. As seen in these figures, the energy distribution gradually changes into a unimodal wave spectrum. The higher frequency peak disappears and the directional spectrum becomes broader as seen in (a-2). Figure 3 (b) and (c) show the frequency spectrum and the integrated directional function with respect to frequency f, respectively. The blue line shows the initial bimodal spectrum, where the energy concentration parameters are assumed as γ=3.3 and S max =15 in higher peak frequency spectrum, and γ=7.0 and S max =75 in the lower frequency one. The red line shows the results after 12 hours of simulation. The shape of the spectrum changes into unimodal one with frequency downshift. While, the shape of the directional function changes into wider distribution. Fig. 3 The directional spectra of bimodal directional spectrum with crossing angle Δθ=0˚ at t=0 (a-1), t=12hours (a-2), the temporal change of frequency spectra (b) and directional functions (c) Fig. 4 The directional spectra of bimodal directional spectrum with crossing angle Δθ=30˚ at t=0 (a-1), t=12hours (a-2), the temporal change of frequency spectra (b) and directional functions (c) Fig. 5 The directional spectra of bimodal directional spectrum with crossing angle Δθ=90˚ at t=0 (a-1), t=12hours (a-2), the temporal change of frequency spectra (b) and directional functions (c)
Journal of Japan Society of Civil Engineers, Ser. B3 (Ocean Engineering), Vol. 71, No. 2, I_347-I_352, 2015. Figure 4 (a-1), (a-2), (b) and (c) show similar results shown in Fig. 3 , where a difference is the crossing angle of 30˚ between two wave groups. While, Fig. 5 (a-1), (a-2), (b) and (c) also show the similar results with the crossing angle of 90˚ between two wave groups. As seen in (b) in Fig. 4 and 5, after 12 hours simulations, both frequency spectra change into unimodal ones. However, although the frequency spectrum (b) in Fig. 4 show comparably large frequency downshift as seen in Fig.3 (b), Fig. 5 (b) does not show clear frequency downshift. While, the directional function (c) in Fig.  5 still shows clear bimodal peaks with directional energy diffusion even after 12 hours. The differences seen in Fig. 3, 4 , and 5 seem to arise from the difference in the intensity of the nonlinear energy transfer depending on the crossing angle between two wave groups. Figure 6 (a) shows the symmetry distribution having two positive lobes and one negative lobe, with gradually reducing intensity of the nonlinear energy transfer over the time. Figure 6 (b) and (c) show asymmetry distribution. However, comparing (c) with (a) and (b), seems to have different characteristics, i.e., the directional distribution of the negative and positive lobes around the two peak frequencies in (c) seems to be rather independent (weak interaction) each other. This may lead to the temporal change of frequency spectra in Fig. 5. 
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CONCLUSIONS
This study evaluated the characteristics of the directional characteristics of the nonlinear energy transfer by a third generation wave model, WAM, implemented with DIA, RIAM, and SRIAM. As a result, an interesting characteristic influenced by the crossing angle Δθ between two wave groups in bimodal spectrum is observed. That is, large coupling between them can be seen when the two peak frequencies in bimodal spectrum is relatively narrow in direction.
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